The mechanism of osmotic stress adaptation was investigated in the phytopathogen Erwinia chrysanthemi. Growth of the bacterium was inhibited by elevated medium osmolarity, and exogenous glycine betaine, proline, ectoine or pipecolate permitted recovery of growth a t inhibitory osmolarity. Osmoprotectants were taken up by transporters induced by elevated osmolarity, and their level of accumulation within the cell was dependent on the osmolarity of the growth medium. The influence of osmolarity and osmoprotectants on the production of pectate lyases (PLs) was investigated. Increased medium osmolarity resulted first in an induction of PL activity, followed by a shift to the basal level at higher osmolyte concentrations. This induction was reversed by osmoprotectants in the medium. The increased PL activity was attributed in part to the induced transcription of the main PL gene, pel€, and all the osmoprotectants that were analysed were found to prevent pel€ induction. PL activity was partially inhibited in vitm by high ionic strength but not by elevated concentrations of sugars, and the addition of osmoprotectants at 1 mM had no effect on PL activity in vitm.
INTRODUCTION
Moisture was recognized by Colhoun (1973) to be an important factor in the infection of plants by pathogenic micro-organisms. A correlation between irrigation and stalk rot of maize suggested that Erwinia cbrysantbemi is sensitive to desiccation (Hoppe & Kelman, 1969) . The phytopathogenic bacterium E. chysantbemiproduces extracellular pectate lyases (PLs) which attack components of the plant cell wall (Kotoujansky, 1987) . The PL structural genes (pel) are organized in five independent operons grouped into two clusters on the bacterial chromosome (Kotoujansky, 1987) . The influence of environmental conditions on the total pectinase production and on the expression of the individual pel genes was examined in E. cbrysantbemi 3937, and pel transcription proved to be sensitive to many conditions (Hugouvieux-Cotte-Pattat et al., 1992) , and their differential expression was observed at different medium osmolarities. The pelE gene, encoding the major pectate lyase, was strongly induced in the presence of 0.3 M NaCl, while expression of the other pel genes was either not affected or was weakly repressed by elevated medium osmolarity (Hugouvieux-Cotte-Pattat e t al., 1992) . Recently, Prior e t al. (1 994) presented opposite results using different strains of E. cbrysantbemi. These authors showed that secretion of PL in the extracellular medium decreased when water activity was reduced. However, this decrease in extracellular PL was linked to intracellular accumulation of PL. They also demonstrated that growth of E. cbysanthemi is limited under osmotic stress and that this effect is reversed in presence of various osmoprotectants (Prior e t al., 1994) . Nevertheless they did not analyse the behaviour of osmoprotectants. We have previously shown (Talibart e t al., 1994) that the mechanism of osmoprotection in Escbericbia coli (Csonka, 1989 ;  Csonka 8z Hanson, 1991) is not applicable to all bacteria. Thus, we have analysed the mechanism(s) of osmoregulation in E. cbysanthemi strain 3937, especially the behaviour of various osmoprotectants within the cells, 0001-9586 0 1995 SGM and have demonstrated that variations in PL production result from transcriptional induction of the pelE gene.
METHODS
Bacterial strains and growth conditions. Bacterial strains used in this study were E. chysanthemi 3937 (wild-type) and its derivatives A1 880 (PelC: : uidA Km) and A1 828 (PelE: : uidA Km) (Hugouvieux-Cotte-Pattat et al., 1992) . Cells were grown on LB medium or in minimal medium M63 (Miller, 1972) at 30 "C. Carbon sources were added at 2 g I-' . Minimal media of elevated osmotic strength were made by adding NaCl, KC1, mannitol, sorbitol or glycerol, and the osmotic pressure was determined by measuring the freezing point with an osmometer. The osmoprotectants glycine betaine, proline, ectoine and pipecolate were generally supplied at a final concentration of 1 mM. Bacterial growth was monitored by OD,,,. Enzyme assays. Assays of total PL and B-glucuronidase were performed on toluene-permeabilized cultures grown to late exponential-phase to achieve maximal PL production. Total PL activity was determined by the degradation of polygalacturonate to unsaturated products that absorb at 235 nm (Hugouvieux-Cotte-Pattat et al., 1992) ; specific activity (U) is expressed as pmol unsaturated products liberated min-' (mg dry wt)-'. B-Glucuronidase activity was measured by following the degradation of the substrate p-nitrophenyl-B-D-glucuronide into pnitropheno that absorbs at 405 nm (Hugouvieux-Cotte-Pattat et al., 1992) ; specific activity (U) is expressed as nmol pnitrophenol liberated min-' (mg dry wt)-'. The results reported are the average of at least three independent experiments, and the SD was less than 10% in each case.
Uptake and behaviour of ['4Closmoprotectants.
[l ,2-14C]glycine betaine was prepared from [ 1 ,2-'4C]choline as described by Ikuta e t al. (1977) . [U-14C]pipecolate was purified from a culture of Brevibacterium ammonjagenes ATCC 6872 su lied with was biologically prepared from ~-[U-'~C]glutamic acid supplied to Brevibacterium linens ATCC 9175 as described by Jebbar e t a!. (1992) . ~-[U-'~C]proline (9.84 GBq mmol-') was purchased from Amersham-France. Extraction of cellular solutes, paper chromatography, HPLC, electrophoresis and 13C NMR analysis of cell extracts were described by Gouesbet et al. (1992) and Bernard et al. (1993) . Uptake assays were carried out as described by Jebbar e t al. (1992) .
Determination of intracellular solute content. The osmoprotectant content of the cells was determined after growth in M63 medium for three generations, with various NaCl concentrations in the presence of 1 mM ['4C]pipecolate (0.9 MBq mmol-'), 1 mM [14C]glycine betaine (1.3 MBq mmol-'), 1 mM ['*C]proline (1.1 MBq mmol-l) or 1 mM ['4C]ectoine (0.6 MBq mmol-'). Cells were collected by centrifugation (3500 g, 10 min). After ethanolic solute extraction and electrophoretic separation of the soluble fraction (Gouesbet e t al., 1992) , the radioactivity of each spot was determined by scintillation counting. Twenty percent of the radioactivity was incorporated by the cells during the assay. Results are the mean of at least three independent experiments, and the SD was less than 10 YO.
[14C]lysine as described by Gouesbet e t al. (1992) . [ 118 Clectoine
RESULTS AND DISCUSSION

Behaviour of osmoprotectants in the cell
The growth rate of E. cbrysantbemi 3937 was analysed in M63 minimal medium supplemented with various concentrations of NaC1. Growth was optimal in the absence of NaCl and was not significantly affected by up to 0.3M NaCl. Above this value the growth rate was dramatically reduced, and at cbncentrations greater than 0.6 M NaCl growth was totally inhibited. As previously described for various E. cbrysantbemi isolates (Prior e t al., 1994) , the growth of E. cbrysantbemi 3937 in medium of inhibitory osmolarity was improved by the presence of glycine betaine, proline or pipecolate. In addition, we observed that ectoine was as effective as glycine betaine in improving the growth of E. cbrysantbemi 3937. These osmoprotectants were active at a very low concentration Uptake of glycine betaine, pipecolate and ectoine was observed only in cells grown in medium of high osmolarity, whereas low-level proline uptake was also observed in cells grown at low osmolarity. Uptake of osmoprotectants was inducible by osmolarity rather than by water activity, since the induction of uptake was observed on addition of NaC1, KC1, mannitol or sucrose, but not on addition of the freely diffusible compound glycerol. 13C NMR analysis of ethanolic extracts of cells grown in medium containing 0.5 M NaCl and 1 mM of the various Osmoprotection in E. chysanthemi osmoprotectants showed that all the osmoprotectants tested were accumulated in the cell and represented the main molecule, since only their specific signals were observed. The level of accumulation of each osmoprotectant was analysed in medium of increasing osmolarity containing 1 mM 14C-labelled osmoprotectant. In each case, the ethanolic soluble fraction containing radioactivity was quantified by scintillation counting (Fig. 1) . Since these solutes are not metabolized by the cell, except for proline, the incorporated radioactivity corresponded to the accumulated molecule. The amount of proline determined by HPLC was similar to that deduced from scintillation counting of the proline spot. The intracellular content of each compound increased with medium osmolarity. In cells grown in medium deprived of NaCl (Fig. l) , the content of all molecules was 50-80 nmol (mg dry wt)-'. In contrast, this accumulation increased with medium osmolarity to 1.9, 1.3, 1.2 and 1.5 pmol (mg dry wt)-' for glycine betaine, proline, ectoine and pipecolate, respectively, in medium containing 0.7 M NaC1. For all the NaCl concentrations tested, the glycine betaine content was greater than that of the other osmoprotectants.
Induction of PL production by osmolarity and its reversion by osmoprotectants
Total PL production was assayed in medium containing 0 4 . 7 M NaCl in the absence or the presence of 1 mM glycine betaine, proline, ectoine or pipecolate. In the absence of provided osmoprotectant, PL production first increased with increasing medium osmolarity , reaching a maximum at 0.2 M NaCl, and then decreased progressively to the basal level at 0.4 M NaCl (Fig. 2 ). All the osmoprotectants tested reversed the increase in PL production that was induced by NaCl. This reversion was not complete with 1 mM proline but, in the presence of the other osmoprotectants, PL production was not significantly affected by increasing NaCl concentration.
To determine whether the PL induction observed with NaCl was a reflection of osmotic strength rather than being NaC1-specific, we tested PL production in medium of similar osmotic strength using 0.3 M NaC1,0.3 M KCI, 048 M mannitol or 0.41 M glycerol as osmotic agents. PL production increased from 0.04 U in absence of added osmolyte to 027,0*41 and 0.17 U in the presence of NaCl, KC1 or mannitol, respectively. The addition of glycerol did not modify the specific activity of PL. The different osmoprotectants reversed PL induction in the presence of KC1 or mannitol, but had no effect on PL production by cells grown in glycerol-containing medium (data not shown). Thus, activation of PL production resulted mainly from osmotic pressure. Additional ionic effects could not be excluded since better induction was observed with salts than with mannitol. This effect was not related to growth rate since this latter was unaffected by NaCl levels that were effective for PL induction. With regard to PL production under osmotic stress, strain 3937 behaved quite differently from the other E. cbrysantbemi strains tested. Mildenhall et al. (1981) and Mildenhall & Prior (1983) showed that only salts, and not organic solutes, were able to modify PL activity. With strain 3937, we did not observe a reduction in extracellular PL activity at any NaCl content as was reported by Prior et al. (1994) . However, the effect observed by Prior et al. (1994) was mainly at the level of PL secretion; in our study, we always tested the total level and not only the extracellular fraction. The effect of osmoprotectants on PL activity that we observed also conflicts with the results of Prior et al. (1994) , since we observed a reduction in PL activity instead of an increase. However, different isolates of E. cbysantbemi were used and some differences could result from strain specificity . Mildenhall e t al. (1981) and Mildenhall & Prior (1983) reported that the nature of the medium and the osmolytes used may profoundly influence the results. They concluded that the effect of the water activity adjuster is not limited solely to water removal. It IP: 54.70.40.11
On: Sat, 22 Dec 2018 18:30:46 G. GOUESBET and OTHERS seems possible that both water activity and osmolarity can influence PL production. Nevertheless, we propose that the increase in PL production in strain 3937 does not result from the reduction of water activity but is stimulated by the osmotic pressure, since glycerol, which does not modify the intracellular pressure, had no effect on PL production. In this context, the effect of osmoprotectants could be explained by the recovery of cellular turgor resulting from their accumulation.
In vitro effect of osmolytes and osmoprotectants on PL activity
The effect of osmolarity on PL activity was analysed in vitro after incubation of crude extracts with 0.3 M NaC1, 0.3 M KC1, 0-48 M mannitol or 0.41 M glycerol for 30 min prior to enzyme assay. Elevated osmolyte concentrations can not be used directly in the assay medium because they provoke precipitation of the PL substrate, polygalacturonate. PL activity decreased by about 30 YO after incubation in the presence of NaCl or KC1. In contrast, the presence of mannitol or glycerol enhanced PL activity, by about 20%. High salt concentration probably affects the stability of the PL proteins while organic solutes protect the enzymes. The influence of 1 mM osmoprotectants, glycine betaine, proline, ectoine or pipecolate, added alone or in the presence of osmolytes, was analysed. No significant effect on PL activity was observed. Thus, osmoprotectants at low concentrations do not affect the activity of PL excreted into the growth medium. The effect of osmolytes on in vitro enzymic activity may be due to an effect on one or more PL isoenzymes. A specific inhibition by salts was observed, but both mannitol and glycerol slightly enhanced PL activity. Most of the enzymes that are sensitive to medium osmolarity (Pollard & Wyn Jones, 1979; Arakawa & Timasheff, 1985 ; Gouesbet e t al., 1993) are inhibited by ionic strength rather than by water activity. The in vitro reversion of the salt effect was tested with low concentrations of osmoprotectants. Since PLs are secreted by E. chysanthemi into the medium, they may be naturally exposed to low concentrations of these compounds but not to the high concentrations found in the intracellular compartment. Thus, there is no biological significance in testing higher concentrations of osmoprotectants such as those used for intracellular enzymes (Arakawa & Timasheff, 1985 ; Gouesbet e t al., 1993) . We conclude that osmoprotectant effects on PL activity are exerted only at the level of enzyme production.
Effects of osmolarity and osmoprotectants on pel€ expression
It was previously reported that among the pel genes, only by increasing the medium osmolarity up to 0.7 M NaC1, since the specific activity of P-glucuronidase was 150 U for every NaCl concentration. Similarly, the presence of 1 mM glycine betaine, proline, ectoine or pipecolate had no influence onpelC: : uidA expression (data not shown).
In contrast, pelE: : d A transcription was induced by NaC1; 8-glucuronidase activity was maximal at 0.3 M NaCl and then decreased slowly up to 0.7 M NaCl (Fig.  3) . The presence of 1 mM osmoprotectants in the growth medium reversed the induction by NaCl (Fig. 3) .
As observed for PL production, the induction of pelE: :aidA could be achieved by osmolytes other than NaC1. The addition of KC1 or mannitol into the medium at a concentration corresponding to 825-866 mosM, resulted in the induction ofpelE: : aidA expression (Table  1) . As for PL, P-glucuronidase specific activity was greater for cells grown with NaCl or KC1 than for cells issued from mannitol-containing medium. When medium osmo- larity was increased with the permeant molecule glycerol, no variation in p-glucuronidase activity was observed.
The effects of the various osmolytes was reversed by osmoprotectants, as was the case for NaC1-induced expression. Thus, reversion is not specific to the osmolyte, but probably results from the recovery of intracellular turgor pressure induced by osmoprotectant accumulation. We could exclude the fact that osmoprotectants act independently of turgor since they have no effect when present in medium deprived of osmolyte, or when added to medium containing 0.5 M glycerol.
Since total PL production follows this regulatory pattern, it is tempting to speculate that increase in PL activity could be attributed only to the isoenzyme PLe. Various PL isoenzymes are produced in all E. cbrysantbemi strains.
The divergence of our results with those of Prior e t al.
(1994) could result from a different proportion of PL isoenzymes in the E. cbysanthemi strains used. We observed, as described for formate dehydrogenase in E.
culi (Gouesbet et al., 1993) , a shift between the response of gene expression and enzyme production as osmolarity increased. This result implies that, as for formate dehydrogenase synthesis in E. coli, osmoregulation of PL production in E. chryysantbemi is exerted both at the transcriptional and post-transcriptional level. As reported by Prior e t al. (1994) , PL secretion is affected by medium osmolarity. Other steps in PL maturation or folding may also be influenced by osmolarity.
Higher induction of PL activity was obtained with KC1, but NaCl was more efficient at inducing pelE expression.
In most bacteria, KC1 induces a lower osmotic response than NaCl, probably because K+ accumulation could partially reverse the stress by increasing free cytoplasmic water (Cayley e t al., 1992) . The greater PL activity in the presence of KC1 could be attributed to an effect of K+ on the secretion of PL, or its maturation or folding in the periplasmic space (Shevchik e t al., 1994) . The osmoinduction ofpelE could be stimulated by K+ as described for E. coli genes (Ramirez et al., 1989 ; Booth, 1993) . Since osmoprotectants are accumulated within the cell, their effect onpelE expression could be attributed to an efflux of K' , as observed previously in E. coli (Cayley e t al., 1992; Gouesbet et al., 1993) . pelE expression was also shown to be stimulated by anaerobiosis (Hugouvieux-Cotte-Pattat e t al., 1992), so DNA supercoiling may also be involved in its regulation, as is the case for other genes stimulated both by osmolarity and by anaerobiosis (Dorman et al., 1988; Gouesbet e t al., 1993) .
